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Abstract 
In this work is performed the study of the hexane isomers separation with MOFs in order to improve the 
octane number of gasoline. The studies were performed with MOFs: MIL-125-Amine, MIL-53(Fe)-Cl, MIL-
53(Fe)-Br and Fe-TazBz(DMF). It was observed that higher loadings were obtained for high pressure and 
low temperature. With MOFs like MIL-53(Fe)-Cl and MIL-53(Fe)-Br the components weren’t separated. In 
MIL-125-Amine hexane isomers were separated according to their boiling point, but the selectivity was small. 
The best result was obtained with MOF Fe-TazBz(DMF), because of the higher affinity of n-hex with this 
MOF, the separation from the other isomers was easier. 
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Resumo 
Neste trabalho, mostra-se a capacidade de separação de isómeros do hexano com MOFs para aumentar o 
índice de octano da gasolina. O estudos fizeram-se nos MOFs: MIL-125-Amine, MIL-53(Fe)-Cl, MIL-
53(Fe)-Br and Fe-TazBz(DMF). Observou-se que as maiores capacidades obtêm-se para a temperatura baixa 
e pressão alta. Nos MOFs MIL-53(Fe)-Cl e MIL-53(Fe)-Br os componentes não foram separados. No MOF 
MIL-125-Amine os isómeros foram separados seguindo aponto normal de ebulição dos compostos mas a 
selectividade é baixa. O melhor resultado obteve-se para o MOF Fe-TazBz(DMF) devido à maior afinidade 
deste composto com o MOF separando-o dos outros isómeros. 
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1.  
 
Introduction 
The most part of petroleum is converted to petroleum products, which includes several fuel’s classes [1]. 
These fuels can be blended and  give gasoline, jet fuel, diesel fuel, heating oil, and heavier fuel oils. The 
refinery yield (percent) is shown on (Fig. 1). 
. 
Figure 1. A breakdown of the products made from a typical barrel of US oil. Source: eia (U.S Energy 
Information Administration, 2015) [2]. 
 
Gasoline is a petroleum-derived liquid that is used as a fuel for engines. The combustion quality of gasoline 
is measured by the research octane number (RON). RON – a standard measure of the performance of an 
engine or aviation fuel. Octane rating means better performance in the majority of petrol powered engines. 
Octane numbers usually range between the high 80s and the mid 90s. This number is the resistance of the fuel 
to self-igniting. Self-ignition of fuel is not good because it may burn before the piston is going to the correct 
position to benefit from the explosion of the fuel, which would reduce the efficiency of the engine. It is a 
reason – the time of the ignition of the fuel – that makes higher octane petrol a better fuel than lower rated 
petrol.  
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This number is based on the behavior of a mixture of Octane (2,2,4 isooctane), and n-Heptane which is the 
other major component of standard fuel. A mixture of 90% isooctane and 10% Heptane has a standard 
resistance to spontaneously brusting into flame.  
The resistance gives the value “90” if the amount of isooctane increases to 95% and the n-heptane reduces to 
5%, the resistance of the fuel rates as 95%. Also, the high RON improve the performance of the motor. To 
improve the RON can be used cracking, isomerization, addition of oxygenates (methyl tertiary butyl ether –
MTBE) and other processes.  
The addition of substances as tetra ethyl lead (TEL) was used in 1990; however, the lead toxicity induced the 
environmental protection agency (EPA) to create the program of ‘no lead’ on the manufacturing gasoline. 
The oxygenates as, methyl tert butyl ether (MTBE, RON 110–112), ethyl tert butyl ether (ETBE, RON 110–
112), tert-amyl methyl ether (TAME, RON 103–105) or ethanol (RON 112–115) were also used but now it 
is not used because it contaminates drinking water systems. So, it was necessary to find alternatives to improve 
the enrichment of gasoline without using dangerous additives with environmental impact. To designate the 
octane number of a gasoline without additives the term clear research octane number (CRON) is also applied. 
1.1.  The Isomerization Process for increasing RON. 
 
In order to increase the octane number it was further introduced to reformulate gasoline through the catalytic 
reforming and the catalytic cracking that are two process that convert paraffins in hydrocarbons with higher 
octane number. Through the catalytic reforming we convert cycloparaffin to light aromatics (majority in BTX 
compounds, benzene, toluene and xylenes), while in the catalytic cracking we convert paraffins to light olefins 
(majority ethylene, propylene and C4s) and both (light aromatics and olefins) have higher octane number than 
paraffins. Conversely, the aromatics are “Dirty Compounds” due to the harmful emissions to the air and the 
olefins are also considered a pollutant but not as dangerous as the aromatics. So it is necessary to reduce the 
percentage of these products in the gasoline contents to reduce the harmful emissions to the air. Alkylation 
and isomerization allow the increasing of the octane number without increasing the environmental impact. 
The alkylation consists the conversion of unsaturated C4’s to high octane isobutanes, while the isomerization 
processes consist the conversion of other low octane hydrocarbons to the high octane isomers [3].  
For the production of gasoline like the feedstock can be used the light-straight-run naphta (LSR), which 
produced by fraction distillation. The composition of LSR naphtha is listed in (Tab. 1). It includes C5 and C6, 
which have low RON compared to their branched isomers. Therefore, isomerization is used for changing 
linear paraffins into branched. The first isomerization process for light naphtha started by Shell in 1970 in La 
Spezia, Italy (Cusher, 1986b). The Hysomer process is an isomerization process, where the catalyst is a 
zeolite-based catalyst.  
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  Table 1. Typical LSR naphtha composition and components properties [4]. 
 
Component 
 
Molecular weight, g/mol 
 
Boiling point, 0C 
 
LSR naphta, 
mol% 
 
RON 
Isobutane 58.1 -11.7 0.1 100+ 
n-butane  58.1 -0.5 0.7 93.6 
Isopentane 72.1 27.9 17.5 92.3 
n-pentane 72.1 36.1 30.5 61.7 
Cyclopentane 70.0 49.3 2.2 100.0 
2,2-dimethylbutane 86.2 49.7 0.5 91.8 
2,3-dimethylbutane 86.2 58.0 1.8 101.7 
2-methylpentane 86.2 60.3 11.2 73.4 
3-methylpentane 86.2 63.3 8 74.5 
n-hexane 86.2 68.7 17.7 24.8 
Methylcyclopentane 84.2 71.8 2.1 91.3 
Cyclohexane 84.2 80.7 3.8 83.0 
Benzene 78.1 80.1 2.4 100+ 
Heptane 100.2 98.4 1.6 0.0 
The most active catalyst in paraffin isomerization is a bi-functional catalyst, which has a dehydrogenation 
function and an acid function. It is a platinum loaded mordenite (Pt/H-MOR), platinum on chlorinated 
alumina (Pt/Al2O3-Cl) and platinum-impregnated sulphated zirconia (Pt/ZrO2-SO4
2-) (Weyda and 
Kohler,2003).  
With the Hysomer process the RON 10-12 increases until 70-82 depending on the feedstock composition, but 
the mixture still contains n-pentane (nPEN) and n-hexane (nHEX) with low RONs. That’s why preferably to 
use adsorbents for increasing RON. 
The hexane isomers separation on adsorbents depends of the geometry of their internal cage and access 
window of the porous solid, as well as, of their different van der Waals (VdW) strengths, influencing the 
different selectivity of each isomer [5]. These interactions have influence on the molecules (gas or liquid) 
sticking on the surface of solids and this phenomenon is called adsorption [6]. The molecules with lower 
affinity with the solid will have higher diffusion rate through the pores and consequently low retention time 
on the column. (Fig. 2) illustrates a schematic molecular situation of an adsorption system, where are 
represented the adsorption/ desorption processes. 
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Figure 2. Schematic situation of a molecular adsorption and desorption with two types of adsorptive 
molecules [6]. 
The adsorption corresponds to the stick of the adsorptive molecules of any fluid phase on the surface solid 
(adsorbent) while desorption corresponds to the return to mobile phase of the molecules placed on the surface 
phase (adsorbate molecules). When the molecules adsorb and desorb at equal rates adsorption equilibrium 
occurs [6]. The adsorption separation of the adsorptive molecules is based on three different mechanisms: 
steric, kinetic and equilibrium mechanisms [7]. The steric separation mechanism is based on the pores and 
windows dimension that exclude or allow the molecules to enter depending of their size, while the kinetic 
mechanism is based on the separation through the affinity between the components and the porous structure 
[6]. The adsorption process reaches equilibrium depending of the adsorbate capacity. The component with 
the bigger rate of diffusion in the pores and with less affinity is firstly removed in a column. Several factors 
have influence on the interactions of the molecules with the surface area, such as size and properties. In this 
specific case of the hexane isomers separation, our goal is the separation preferentially of the di-branched 
relatively to the linear and mono-branched, so, it is interesting if the di-branched isomer is the more or the 
less adsorbed on the molecular sieves, because the more important aspect is the selectivity of the di-branched 
compared with the other components. If a molecular sieve has great adsorption capacity is good, but if the 
adsorption is equal for all components of the mixture is only important for storage application. For separation 
applications, the retention time of each component in the column is the more important parameter. The better 
separation corresponds to the bigger difference in the retention time. Normally we denote the order of 
adsorption as “normal hierarchy” for the tendency linear > mono-branched > dibranched and “reverse 
hierarchy” for the tendency dibranched>mono-branched>linear. 
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1.2.  Zeolites for increasing RON by adsorption processes. 
 
Zeolites are porous crystals with a three-dimensional framework of SiO4 and AlO4 tetrahedral linked to each 
other by sharing oxygen atoms. The structural arrangement of the tetrahedral gives rise to a uniform pores 
system of molecular dimensions. Zeolites are used as separating media for recycling technologies.  
Zeolite A is of much interest because its super cage structure is useful in spacio-specific catalysis. Zeolite A, 
like other zeolites, is synthesized in a gelling process. Sources of alumina (usually sodium aluminate) and 
silica (usually sodium silicate) are mixed in basic aqueous solution and gives a gel. The alkali agent can be 
NaOH or solutions of quaternary ammonium salts, amines, or other polar organics. The gel is then heated 
whre the T = 70-300ºC to crystallize the zeolite. The zeolite is normally synthesized in the Na+ form. The 
inner cavity is large enough for passing all components, but the small pore means only a specific structure 
can get into the cavity for reaction, typically n-paraffins and olefins. The small entry pore is selective towards 
linear paraffins, and cracking can occur on sites within the supercage (alpha-cage) to produce smaller chain 
alkanes. Zeolite A is also widely used in ion exchange separation. 
Beta Zeolite is the unique zeolite with three-dimensional 12-membered ring channels, because of high activity 
in hydrocracking and hydroisomerization catalyzing. Zeolite Beta is  in the list of major catalysts which can 
be used in organic chemicals conversion, contributing to low waste technology. In comparison with other 
zeolites, zeolite Beta has unique acid properties which are related to local defects. 
The Total Isomerization Process (TIP) uses zeolite 5A to separate normal paraffins. The scheme of 
Conventional TIP is shown in (Fig. 3). The process has two or four adsorption columns with zeolite 5A. The 
liquid which contain unconverted linear paraffins vaporizes and passes to the sieve separation unit.  
 
Figure 3. Simplified scheme of the conventional Total Isomerization Process (TIP): 
(I)isomerization reactor; (S) hydrogen separator; (C) compressor; (A) adsorption stage; (D) desorption 
stage [4]. 
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This cyclic process consists two steps: adsorption – where n-paraffins are adsorbed in the bed until adsorption 
has value-75%;  desorption – where the bed is cleared from normal paraffins. After they go to the 
hydroisomerization reactor.  
The TIP can produce a final isomerate with 87-90 RON. Zeolite Beta also can be used for the separation of 
pentane and hexane isomers. Huddersman and Klimczyk (1996a, 1996b) indicated that zeolite beta in cation 
form (H, Ba) is better than silicalite for the separation of branched hexane isomers. 
1.3.  Metal-Organic Frameworks as an Alternative to Zeolites. 
Metal-Organic Frameworks (MOFs) are microporous (and nanoporous) materials, which are interesting 
because of their potential applications in gas storage, selective separation, heterogeneous catalysis. They are 
synthesized by a simple self-assembly reaction between metals ions and organic linkers under mild conditions 
. The pores of MOFs can be systematically varied by the judicious choice of the metal ion and/or bridging 
organic linkers. The smaller molecules can go through the microporous channels while larger molecules are 
blocked [4] 
 
1.3.1. Metal-Organic Framework with Triangular Channels. 
 
They can offer pore geometries that are not available in zeolites. MOFs are microporous solids exhibiting 
high surface areas, tunable pore dimensions, and adjustable surface functionality [8-10].  The pore 
characteristics of MOFs that cannot readily be achieved in zeolites or carbons expands the opportunities for 
molecular recognition. In the presence of the right surface environment, separations could be performed with 
a substantially reduced energy cost [11]. The efficient separation of alkane isomers by adsorption is especially 
challenging because the molecules are chemically inert and have similar polarizabilities [12].  This separation 
is critical to the production of gasoline, which is composed of ~10% pentanes and hexanes [13]. The octane 
number is highest for the dibranched hexanes 2, 3-dimethylbutane and 2,2-dimethylbutane, which have values 
of 105 and 94, respectively. The RONs for the monobranched isomers 2-methylpentane and 3-methylpentane 
are lower, 74 and 75, respectively, whereas the value for linear n-hexane is only 30. To achieve higher octane 
number blends, current processes sieve n-hexane by using zeolites, generating a mixture of the other four 
isomers with a final RON of nearly 83 while returning n-hexane to the isomerization reactor [13-15]. An 
improved hexane-separation process would selectively isolate the most valuable products, 2,3-
dimethylbutane and 2,2-dimethylbutane, while the less valuable monobranched isomers with n-hexane would 
return to the isomerization reactor (Fig. 4) [16]. But it could reduce the usage of toxic aromatics, which are 
currently added to boost the octane number of gasoline and this reason means that it would potentially benefit 
public health [17]. 
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Figure 4. Illustration of the proposed future hexane isomer separation processes. The individual RON of each 
isomer and the average RON of the final product are included. Current technology uses the small cross-
sectional area of n-hexane and a zeolite-sieving process to remove this low-RON isomer from the mixture 
and return it to the isomerization reactor. In some cases, distillation is then used to further augment the RON 
of the final product. Given the adsorption selectivity that can be attained within a metal-organic framework 
(MOF) as demonstrated here for Fe2(BDP)3, it may now be viable to separate only the two most valuable, 
dibranched isomers from the other three [16]. 
 
 
 
Fe2(BDP)3 (BDP
2- =1,4-benzenedipyrazolate) is a higly stable framework with triangular channels. The 
hexane isomer separation ability of Fe2(BDP)3 was evaluated with a breakthrough experiment, where an 
equimolar mixture of five isomers in N2 was passed over a bed of the material heated at 160°C. As shown in 
(Fig. 4), pure 2,2-dimethylbutane eluted from the bed, followed by 2,3-dimethylbutane. These dibranched 
isomers are the most desirable, owing to their high RON values. Monobranched 2-methylpentane eluted 
subsequently, immediately followed by 3-methylpentane and then, much later, linear n-hexane. The RON of 
the product mixture leaving the column is also plotted in (Fig. 5), simplified as a weighted average of the 
RONs of each component [14]. During the beginning of the breakthrough experiment, the RON of the eluted 
mixture rises to greater than 90, significantly higher than the value of 83 that is typical for industrially refined 
hexane blends [12]. 
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Figure 5. Separation of an equimolar mixture of 2,2-dimethylbutane (red), 2,3-dimethylbutane(orange), 3-
methylpentane (green), 2-methylpentane (blue), and n-hexane(purple) running through a packed bed of 
Fe2(BDP)3 at 160°C [14].  
 
1.3.2. Zeolitic Imidazolate Frameworks (ZIF’s). 
As previously stated, for obtaining a better average RON of the C5/C6 cut, the isomerate is separated in a 
high octane and a low octane fraction. The low octane fraction is recycled to the catalytic reactor (Fig. 6). 
This separation can be achieved by distillation, by selective adsorption, or by a combination of both unit 
operations. The adsorption processes employ zeolite A, which behaves as a molecular sieve. But the mono- 
and dibranched alkanes can penetrate into the pores of zeolite A, that’s why their separation by zeolite A is 
not possible. It would, however, be attractive to also recycle the monobranched paraffins to the isomerization 
reactor, in order to achieve a further improvement of the average RON of the isomerate. It has been proposed 
to separate the monobranched and dibranched alkanes using a fixed bed of silicalite or zeolite Beta [3; 18-
22]. 
Only a few MOFs have been tested as adsorbents for the separation of paraffins.  MOF-508, an interpenetrated 
MOF with a one-dimensional channel system having a cross-section of 0.4 × 0.4 nm, could separate mixtures 
of linear, monobranched, and dibranched paraffins using pulse gas chromatographic measurements [3]. 
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Figure 6. Scheme of processes to increase the RON [16]. 
 
The majority of the recent studies shows, that for paraffin separation can be used has been dedicated to zeolitic 
imidazolate frameworks [23,24], for example ZIF-8 [25-29]. In ZIF-8, Zn2+ cations are coordinated to four 
2-methylimidazolate ligands (MeIm), resulting in a hybrid material with the topology of the zeolite sodalite 
(SOD): sodalite cages are connected to each other by six-membered ring windows. The cages have a pore 
diameter of 1.16 nm and an aperture of 0.34 nm. Two recent studies focused on the adsorption of linear and 
branched paraffins on ZIF-8 by inverse gas chromatography [30; 31]. They came to the conclusion that linear 
alkanes can be adsorbed into the cages of ZIF-8, while branched alkanes are sieved out. Thus, the behavior 
of ZIF-8 is qualitatively similar to zeolite 5A. 
ZIFs, which are a subfamily of metal azolate frameworks [32], are, in general, very attractive materials for 
hydrocarbon separations, because many of them exhibit high porosity and high thermal stability (up to 600 
K) [33]. They are built from metal centers linked together by imidazolate units (IM) through their N atoms in 
the 1,3 positions of the ring. This kind of connection imparts an angle of 145 °C that is close to the T−O−T 
angle in zeolite frameworks (Fig. 7). As can we see ZIFs have frameworks with the same topologies as 
zeolites. 
 
Figure 7. Comparison of angles in zeolites and ZIFs [16]. 
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But  ZIFs have larger internal pore diameters than their inorganic homologues. Moreover, recent studies have 
shown that the pore aperture of many ZIFs is highly flexible [33,34] and allows molecules that are larger than 
the formal pore opening to be adsorbed, for example, linear alkanes (kinetic diameter 0.43 nm) in ZIF-8 
(formal pore opening 0.34 nm). 
This study, has compared three ZIF materials in the separation of alkane isomers. And the best was chosen 
ZIF-8, because it acts as a molecular sieve. Linear alkanes can diffuse freely into the pores of ZIF-8. 
Monobranched alkanes are adsorbed under strong diffusional limitation, and di-branched alkanes are 
excluded from the pores. Because the diameter of di-branched larger, and it has more RON (101.7) than 
monobranched (74.5) (Fig. 8). 
 
Figure 8. Hexane isomers: research octane number (RON); boiling point (Tb) and kinetic diameter (dk) [4]. 
The effective pore size of ZIF-8 in the paraffin separation is, therefore, comparable to the kinetic diameter of 
monobranched alkanes, i.e., 0.53 nm. This is much higher than the formal pore size of 0.34 nm and means 
that the flexibility of the pore aperture of ZIF-8 is much higher than anticipated [16].  
 
1.4. MOFs vs Zeolites. 
Inside each class of porous solids (Inorganic and Hybrid), Zeolites and MOFs as respectively inorganic and 
hybrid highly porous materials have outstanding properties. Zeolites are microporous aluminosilicates based 
on corner-sharing of SiO4 and AlO4 tetrahedral, pentahedral and octahedral coordinations for the metal with 
an important thermal and chemical stability [35, 36]. Zeolites are currently been applied in several processes 
such as gas separation/storage, catalysis and as ion-exchanger in detergents and water softeners [37]. In 
comparison to zeolites, MOFs exhibit higher porosities, with larger pore sizes and surface and volumes. In 
addition, they possess a wider variety of structures and compositions, based on their hybrid character. [38]. 
However, MOFs exhibit a much lower thermal stability than zeolites [36].  
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Recently, it has been shown that zeolite BETA can be used to upgrade actual Total Isomerization Processes 
[39]. In that work, it is demonstrated that an optimal layered bed of zeolite A-to-zeolite BETA can improve 
the product average RON up to 1.0 point compared to actual existing TIP processes using zeolite 5A only. 
Moreover, process simulations demonstrated that increasing the operating temperature from 523 K to 543 K 
results in an octane gain of 0.2 RON.  
Today metal-organic frameworks represent a new class of porous materials proving to be a competitive 
alternative to zeolites since they combine an important regular porosity with an easily tunable hybrid 
crystalline framework [40]. 
The objectives of this work is to evaluate the performance of some MOFs synthesized in Institute Lavoisier 
de Versailles for the separation of hexane isomers. Actually, zeolite A can segregate normal from branched 
ones. A major progress will be made if one can find a porous solid that can additionally separate mono from 
dibranched paraffins. The performance of MOFs will be evaluated by performing experimental screening 
studies hexane isomers in an experimental unit existing in LSRE-IPB, including: 
a) Adsorption equilibrium studies. 
b) Calculation of selectivities. 
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2.  
 
Experimental description 
 
In order to study the adsorption of hexane isomers on MOF’s was packaged the samples with 
ceramic wool in a stainless steel column (L= 8 cm, di= 4.6 mm) and introduced continuously a 
known quaternary composition of alkane equimolar mixture (Tab. 2) in a Helium stream that 
passed in the column.  
Table 2.  Alkane components of the quaternary and equimolar mixture used. 
Compounds Abbrev. dk (Å) ρ (g/cm3) % Volume 
n-hexane nHex 4.3 0.6606 0.25 
3-methylpentane 3MP 5.0 0.6598 0.25 
2,3-dimethylbutane 23DMB 5.6 0.6444 0.25 
2,2-dimethylbutane 22DMB 6.2 0.6616 0.25 
 
The MOF’s that were studied in this work were the MIL-125-Amine, MIL-53(Fe)-Cl, MIL-53(Fe)-
Br and Fe-TazBz(DMF) synthesised. Every MOF were activated in vacuum oven (CHEVREAU, 
Janvier-Avril 2009). 
The schematic rigid structure of MIL-125-Amine (Fig. 9a);  cyclic octamers (Fig. 9b) provides a 
3D framework (Figure 9c) with one type of cage octahedral (Fig. 9e) and other tetrahedral (Fig. 
9e), where the triangular windows of the cages supply the easy access with free apertures in the 
range 5-7 Å (Meenakshi Dan-Hardi, 2009). 
The crystals of MIL-125-Amine were used in powder form, packaged with ceramic wool 
distributed by column for minimize pressure problems. The sample of MIL-125-Amine was 
activated in vacuum oven nearly at -90 kPa during 15 h at 150 ºC, before the packing. 
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Figure 9.  (a) Perspective view of a centered cubic arrangement; the12-fold coordination is 
evidenced by yellow lines. Purple and orange dots indicate the positions of the centers of the 
tetrahedral and octahedral vacancies. (b) View of the perforated cyclic octamer with edge- and 
corner-sharing Ti octahedra; it corresponds to the atom with an orange circle of the classical 
packing through the SBU augmentation. (c) Perspective view of MIL-125 with the central octamer 
surrounded by 12 others; the pink and blue stars indicate the centers of the tetrahedral and 
octahedral vacancies in MIL-125.(d) Ball and stick representation of the octahedral vacancy, filled 
by water molecules (in green); the large yellow sphere represents the effective accessible volume 
of the cage. (e) The tetrahedral vacancy; in (d) and (e) the color code is as follows: carbon, gray; 
oxygen, red; water, green; titanium, yellow, in (Meenakshi Dan-Hardi, 2009) [41]. 
The MIL-53 (Fe)-Cl has windows with lozenge form that make in structure open channels (Fig. 
10). This framework is flexible and open or close when hydrated or dehydrated (Fig. 11). The 
kinetic diameter of access window is 7.4 or 7.7 if were in hydrated or dehydrated form respectively 
(Thomas Devic, 2009). 
 
Figure 10. 3D structure of MIL-53 (Fe) – Cl [42]. 
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Figure 11. Water effect in opening or closing the structure [42]. 
The crystals of MIL-53 (Fe)-Cl used in this study were in powder form, packaged with ceramic 
wool only in both ends of the column. The sample was activated in vacuum oven at nearly           -
90 kPa during 15 h at 200 ºC, before the packing. Therefore this activation the MOF was study at 
dehydrated form. 
The MIL-53 (Fe)-Br (Fig. 12) is also flexible and similar to MIL-53 (Fe)-Cl in structure with 
lozenge windows that make channels and the structure is open or close when hydrated or 
dehydrated. The kinetic diameter of access window is 8.0 if were in hydrated or dehydrated form 
(Thomas Devic, 2009). 
 
Figure 12.  3D structure of MIL-53 (Fe)-Br [42]. 
 
For this study were used crystals in pellets form, packaged with ceramic wool distributed by 
column. The sample was activated in vacuum oven nearly at -90 kPa during 15 h at 200 ºC, before 
the packing.   
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The Fe-TazBz (DMF) has a rigid cubic structure (Figure 13d). The diameter of access window 
range 5-7Å and this interception make cages with diameter superior than 10 Å (CHEVREAU, 
Janvier-Avril 2009). 
 
Figure 13. Perspective of Fe-TazBz (DMF) by X-rays diffraction. a) Trimer of of iron carboxylate 
[Fe3O (CO2) 6 (H2O) 3] which can be viewed as a node in the trigonal prismatic with 6 
connections; b) Organic binder (acid (3, 3 ', 5, 5’ - azobenzenotétracarboxilato)) plane rectangular 
geometry, with four connections; c) Molecule trapped in the cavity d) Polyhedral representations 
of the cubic cages; The color code is as follows: Fe, green; C, gray; N, blue, O, red. The diameter 
of the vacancy is indicated by yellow sphere (CHEVREAU, Janvier-Avril 2009) [43]. 
For this study were used crystals of Fe-TazBz (DMF) in powder form, packaged with ceramic 
wool distributed by column. The sample in study was activated in vacuum oven nearly at -90 kPa 
during 15 h at 200 ºC, before the packing. 
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2.1.  Frontal Analysis 
 
In frontal analysis, the mixture is continuously injected to the column for the separation of 
components. On the Fig. 14  is shown a breakthrough curve . 
Figure 14. Frontal breakthrough curve [44]. 
 
The chromatographic technic for separation is based on the affinity difference between the 
adsorbent and each component. And the retention time of the components in the column is 
different because of the affinity. The equation 1  shows how the retention time (tr) in the column 
changes with the velocity (u) of the components with a certain length (L), when they are  passing 
in the column with a certain length (L). 
   
 
(1) 
 
 
The Fig. 15 shows the mobile phase mass transfer in a packed column. In this case tr3> tr2> tr1, 
so, the u3< u2<u1. The equimolar mixture (1, 2, 3) and carrier gas arrive to the outlet of the 
column at different times because of their affinity. Their flow rates are constant .  
 
Figure 15. Mobile phase mass transfer in packed columns; tr3> tr2> tr1 [44]. 
 
An excellent separation of the component that has to be isolated corresponds to a smaller 
retention time. A mix of components is expelled with a different component amount because of 
their saturation [44]. 
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2.2.  Experimental set-up 
 
The breakthrough of single and multicomponent experiments were performed in a Gas 
Chromatograph (GC) SRI model 8610c (Fig. 16a). This model was adapted specifically for this 
specific experiments. The mixture to is introduced by a syringe pump (Fig. 16b) in the carrier gas 
before entering in the column. A heating chamber (evaporator) vaporizes completely the liquid 
mixture. The adsorption column consists in a 4.6 mm i.d. stainless steel column with 100 mm in 
length containing the adsorbent and placed in the ventilated chromatographic oven (Fig 17a), as 
well as a heated collector with 10 loops (Fig 17b) to collect samples at the outlet of the column.  
 
a)                                                                    b) 
  
Figure 16. Experimental Gas Chromatography (GC) set-ups for the breakthrough experiments, 
where is showed the (a) GC equipment [left: SRI model 110, centre: SRI model 8610c with 
exhaustion of vapours, right: computer] and mass flow controller (MFC), most to the right. (b) 
Injection and control pressure part [Top left: Injector port connected to the evaporator, Top right: 
syringe pump; Bottom left: Back Pressure control (BPC)] [45]. 
 
The analytical section is composed by a chromatographic column and a flame ionization detector 
(FID) (Fig 17c). Complete information about the experimental setup is reported elsewhere Bárcia 
et al. [4]. 
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a)                                                          b)                                                    c) 
  
Figure 17. Visualization of the (a) ovens, from the equipment SRI model 8610c [left: stain-less 
column packed with the MOF, sending the effluent for the sample collector, right: Chromatograph 
column that receives the samples from the sample collector sending the effluent for the FID 
detector]; (b) collector with 10 loops, from the equipment SRI model 110; (c) Flame ionization 
detector (FID) [45]. 
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3.  
Experimental Conditions and Results 
3.1. MOF MIL-125-Amine 
The experiments were performed at 100 and 150ºC, for high (0,06bar) and low partial pressure 
(0,006bar). The room temperature of the experiences was nearly 20 ºC. The experimental 
conditions and the quantity adsorbed of each component in mixture (loadings) are expressed in 
Table 3. 
Table 3. Experimental conditions of the equimolar mixture and the loadings obtained in each 
experience for MOF MIL-125-Amine. 
Run T(oC) 
Partial 
P(bar) 
He flow 
(mL/min) 
Mix. 
Flow 
(µL/hr) 
mads 
(mg) 
Loadings g/100gads Total 
 
(g/100 
gads) 
22DMB 23DMB 3MP nHex 
3.1 
150 
0.06 15 310 
0.1943 
1.49 2.16 2.31 3.46 9.43 
3.2 
0.006 40 80 
0.49 0.65 0.79 1.19 3.13 
3.3 
100 
0.90 1.30 1.65 2.38 6.23 
3.4 0.06 15 310 2.61 3.45 4.08 5.13 15.27 
 
Through the Tab. 3 we can view that MIL-125-Amine demonstrates some adsorption of the hexane 
isomers but small selectivity between the components (Tab. 4). The bigger adsorption was 
obtained for high pressure and low temperature. In association adsorption/ selectivity for the same 
temperature, bigger adsorption is obtained smaller selectivity. 
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Table 4. Selectivity of the components in experiences with MOF MIL-125-Amine. 
 Selectivity 
Temperature (ºC) 150 100 
Pressure (bar) 0.06 0.006 0.06 0.006 
nHex/22DMB 2.32 4.40 1.96 2.64 
nHex/23DMB 1.60 2.56 1.49 1.83 
nHex/3MP 1.49 1.75 1.26 1.45 
3MP/22DMB 1.55 2.52 1.56 1.82 
3MP/23DMB 1.07 1.47 1.18 1.27 
23DMB/22DMB 1.45 1.72 1.32 1.44 
The fig. 18 shows the breakthrough of each experience, where we can observe that the affinity 
order of the hexane isomers is n-Hex > 3MP > 23DMB > 22DMB. 
a)                                                                                         
b) 
       
     c)                                                                                               d) 
   
Figure 18. Breakthrough curves in different conditions for MOF MIL-125-Amine: a) T=1500C, 
P=0.06 bar; b) T=1500C, P=0.006 bar; c) T=1000C, P=0.006 bar; d) T=1000C, P=0.06 bar. 
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The Breakthroughs show a diminutive time out of curves and a little difference in each component. 
The access windows of the MOF range 5 and 7 Å and the kinetic diameter of hexane isomers is 
4.3, 5.0, 5.6 and 6.2 for nHex, 3MP, 23DMB and 22DMB respectively, then, the nHex enter in 
both types of cages, while 3MP, 22DMB and 23DMB enter only in one type. This fact justifies 
the better adsorption of hexane than the other components. 
3.2. MOF MIL-53(Fe)-Cl 
The experiments were performed only at 150ºC, for high (0,06bar) and low partial pressure 
(0,006bar) because is clearly through the loadings (Tab. 5) and breakthroughs (Fig. 19) that the 
adsorption is a few and the time out of curves is almost immediate, then isn’t made more studies. 
The room temperature of the experiences was nearly 20 ºC. 
Table 5. Experimental conditions of the equimolar mixture and the loadings obtained in each 
experience for MOF MIL-53(Fe)-Cl. 
Run T (ºC) Partial  
P (bar) 
He flow 
(ml/min) 
Mix. 
flow 
(l/hr) 
mads 
(mg) 
Loadings (g/100 gads) Total  
(g/100 
gads) 22DMB 23DMB 3MP nHex 
Run 
5.1 
 
150 
0.06 15 310  
0.4913 
0.97 0.89 0.86 0.78 3.49 
Run 
5.2 
0.006 40 80 0.06 0.05 0.05 0.04 0.21 
a)                                                                       b) 
  
  
Figure 19. Breakthrough curves in different conditions for MOF MIL-53(Fe)-Cl: a) T=1500C, P=0.06 
bar; b) T=1500C, P=0.006 bar.  
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Through the breakthroughs is clearly notable that not exist separation of components. This fact 
will can be explained by the aperture of the MOF (7.4 Å) to be bigger than kinetic diameter of all 
components and his possible poor affinity with the hexane isomers, leaving to pass them. Despite 
this results can observe that a little affinity order of the hexane isomers is 22DMB > 23DMB >3MP 
> n-Hex, different of MIL-125-Amine. 
3.3. MOF MIL-53(Fe)-Br 
The first part of experiments was performed only at 150ºC, for high (0,06bar) and low partial 
pressure (0,006bar) because also the low adsorption (Tab. 6) and the time out of curves is almost 
immediate (Fig. 20), then isn’t made more studies. The room temperature of the experiences was 
nearly 21 ºC. 
Table 6.  Experimental conditions of the equimolar mixture and the loadings obtained in each 
experience for MOF MIL-53(Fe)-Br. 
Run T 
(ºC) 
Partial 
P (bar) 
He flow 
(ml/min) 
Mix. 
 flow 
(l/hr) 
mads 
(mg) 
Loadings (g/100 gads) Total  
(g/100 
gads) 22DMB 23DMB 3MP nHex 
Run 
6.1 
150 0.06 15 310 0.3595 0.43 0.41 0.39 0.35 1.58 
Run 
6.2 
0.006 40 80 0.02 0.02 0.02 0.02 0.09 
a)                                                                   b) 
  
Figure 20. Breakthrough curves in different conditions for MOF MIL-53(Fe)-Br: a) T=1500C, P=0.06 
bar; b) T=1500C, P=0.006 bar.  
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These results are similar to the MOF MIL-53 (Fe)-Cl and through the breakthroughs is also 
notable that not exist separation of components. This fact will can be explained by the aperture 
of the MOF (8.0 Å) to be bigger than kinetic diameter of all components and also his possible 
poor affinity with the hexane isomers, leaving to pass them. The affinity order of components is 
the same. 
The second part of experiments was performed only at 150ºC, for high (0,06bar) and low partial pressure 
(0,006bar) also because the low adsorption (Tab. 7) and the time out of curves is almost immediate 
(Fig. 21), then isn’t made more studies. The room temperature of the experiences was nearly 21 ºC. 
 
Table 7.  Experimental conditions of the equimolar mixture and the loadings obtained in each 
experience for MOF MIL-53(Fe)-Br. 
Run T (ºC) Partial 
P (bar) 
He flow 
(ml/min) 
Mix. 
flow 
(l/hr) 
mads 
(mg) 
Loadings (g/100 gads) Total  
(g/100 
gads) 22DMB 23DMB 3MP nHex 
Run 
7.1 
150 0.06 15 310 0.4169 1.56 1.18 1.15 1.07 4.97 
Run 
7.2 
0.006 40 80 0.13 0.12 0.13 0.13 0.51 
 
  a)                                                                                     b) 
    
   
Figure 21. Breakthrough curves in different conditions for MOF MIL-53(Fe)-Br: a) T=1500C, P=0.06 
bar; b) T=1500C, P=0.006 bar. 
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These results are similar to the MOF MIL-53 (Fe)-Cl and MIL-53 (Fe)-Br in agglomerate form, 
then, invited to study these MOFs in hydrated form and under low temperatures.  
3.4. MOF Fe-TazBz(DMF) 
The experiments were performed at 150, 100 and 70ºC, for high (0,06bar) and low partial pressure 
(0,006bar). The room temperature of the experiences was nearly 21 ºC. The experimental 
conditions and the quantity adsorbed of each component in mixture are expressed in Tab. 8. 
Table 8. Experimental conditions of the equimolar mixture and the loadings obtained in each 
experience for MOF Fe-TazBz(DMF). 
Run  T (ºC) 
Partial 
P (bar) 
Helium 
flow 
(ml/min) 
Mix. 
flow 
(l/hr) 
Loadings (g/100 gads) Total  
(g/100 
gads) 22DMB 23DMB 3MP nHex 
Run 
7.1 
150 
0.06 15 310 0.49 0.64 0.86 5.47 7.46 
Run 
7.2 
0.006 15 30 
0.06 0.07 0.07 0.53 0.73 
Run 
7.3 
100 
0.06 0.06 0.06 0.47 0.64 
Run 
7.4 
0.06 15 310 
0.31 0.42 0.52 5.85 7.10 
Run 
7.5 
70 
0.56 0.67 0.77 6.25 8.24 
Run 
7.6 
0.006 15 30 0.07 0.08 0.09 0.56 0.79 
 
The Fig. 22 shows the breakthrough of each experience, where we can observe that the affinity order of the 
hexane isomers is n-Hex > 3MP > 23DMB > 22DMB, the same of MIL-125-Amine but with a big 
adsorption of n-Hex than other components. 
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a)                                                                                      b) 
   
 
   c)  d)    
     
  
c)   f) 
       
Figure 22. Breakthrough curves in different conditions for MOF Fe-TazBz(DMF): a) T=1500C, 
P=0.06 bar; b) T=1500C, P=0.006 bar; c) T=1000C, P=0.06 bar; d) T=1000C, P=0.006 bar;          e) 
T=700C, P=0.06 bar; f) T=700C, P= 0.006 bar. 
Separation of components was better than with MOF MIL-125-Amine because of higher affinity 
of n-hex with this MOF. 
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4.  
Conclusion 
In this work was studied the adsorption of hexane isomers in Metal-Organic Frameworks (MOFs) 
like MIL-125-Amine, MIL-53(Fe)-Cl, MIL-53(Fe)-Br and Fe-TazBz(DMF), it can be concluded 
the bigger adsorption was obtained for high pressure and low temperature. It was not observed 
adsorption of the researched components for low pressure. With MOFs MIL-53(Fe)-Cl, MIL-
53(Fe)-Br components weren’t separated. When was used MIL-125-Amine hexane isomers were 
separated according to the boiling point of the compounds, but observed selectivity was low. The 
Fe-TazBz(DMF) showed the best result because of the higher affinity of n-hex with this MOF for 
separating it from the other isomers. 
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